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Reactive oxygen speciesThe aim of this work was to determine whether different durations of severe hypoxia (0.5 mg O2 L−1) followed
by reoxygenation cause damage to the locomotor muscle of the crab Neohelice granulata. We evaluated reactive
oxygen species (ROS), lipid peroxidation (LPO), mitochondrial membrane potential, and aerobic ﬁber area of the
locomotor muscle after different periods of hypoxia (1, 4, or 10 h) followed by 30 or 120 min of reoxygenation.
Additionally, changes in cell volume, mitochondrial dysfunction, and inﬁltration of hemocytes were evaluated
after hypoxia and a subsequent 2, 24, or 48 h of reoxygenation. After hypoxia, neither ROS nor LPO increased.
However, mitochondrial membrane potential and aerobic ﬁber area decreased in a time-dependent manner.
After reoxygenation, the ROS and LPO levels increased and mitochondrial membrane potential decreased, but
these quickly recovered in crabs exposed to 4 h of hypoxia. On the other hand, alterations ofmitochondria result-
ed in morphological changes in aerobic ﬁbers, which required more time to recover during reoxygenation after
10 h of hypoxia. The locomotor muscles of the crab N. granulata suffer damage after hypoxia and reoxygenation.
The intensity of this damage is dependent on the duration of hypoxia. In all experimental situations analyzed, the
locomotor muscle of this crab was capable of recovery.
© 2014 Elsevier Inc. All rights reserved.1. Introduction
Several factors can lead to variations in oxygen supply in many or-
gans and tissues, resulting in hypoxia and/or hyperoxia. Much of the
knowledge about alterations caused by this phenomenon comes from
studies of ischemia and reperfusion in mammalian tissues (Robin and
Theodore, 1982; McCord, 1985; Levinson et al., 1986). The overproduc-
tion of reactive oxygen species (ROS) is considered to be themain factor
leading to injury during oxygen variations (Li and Jackson, 2002). For a
long time, it was believed that only after ischemia (reperfusion), with
quick resupply of oxygen to tissues and organs, molecular damage
such as lipid peroxidation (LPO), protein oxidation, and DNA strand
breaks occurred as a result of increased ROS levels (Pike et al., 1993;
Halliwell and Gutteridge, 2001; Fuller et al., 2003). However, in recent
years this perception appears to have changed. During hypoxia, an
increase in ROS formation is also possible (Chandel et al., 1998;
Clanton, 2007). Increased ROS levels during hypoxia have been ex-
plained by the idea that ROS probably act as transcription factorscas, Universidade Federal do Rio
ande, RS - Brazil. Tel.: +55 53that activate the expression of antioxidant enzymes involved in pro-
tection against oxidative stress and/or regulation of the redox state
(Guzy and Schumacker, 2006; Almeida et al., 2007). However, com-
pared to reoxygenation, the levels of ROS formation during hypoxia
are lower (Clanton, 2007).
During normal cell function, energy (i.e., adenosine triphosphate
[ATP]) production occurs in the mitochondria. However, during varia-
tions in oxygen levels increased ROS levels (Storey, 1996; Hermes-
Limaand Zenteno-Savín, 2002) can contribute tomitochondrial damage
(Boveris et al., 1976; Turrens, 2003). Mitochondrial dysfunction occurs
as a result of a combination of high levels of intracellular calcium and
ROS, which induces an increase inmitochondrial membrane permeabil-
ity and loss of the constituents of the electron transport chain, leading to
decreases in mitochondrial membrane potential and ATP production
(Halestrap, 2009; Halestrap and Pasdois, 2009). The decrease in ATP
levels inﬂuences the activity of ion pumps such as Na+/K+ ATPase,
which could lead to dysfunction in cell volume (Lambert et al., 2008)
or even cell death (Powers et al., 2009; Hüttemann et al., 2011). In addi-
tion, increased ROS levels may result in morphological changes, mainly
in energetically demanding tissues such as muscle (Clanton, 2007;
Andrianjaﬁniony et al., 2010). Additionally, many inﬂammatory pro-
cesses (Shoffner, 2000) and muscle atrophy (Andrianjaﬁniony et al.,
2010) may be associated with increased ROS levels, which compromise
muscular function.
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effects of oxygen variation (Hill et al., 1991; Paterson and Thorne, 1995;
Hervant et al., 1997; Marqueze et al., 2006; Maciel et al., 2008; Paschke
et al., 2010; Dawson and Storey, 2011; Geihs et al., 2013 and others).
Generally, crustaceans have a less ability to withstand hypoxia, as evi-
denced by their LC50 (lethal concentration that kills 50% of animals),
than other aquatic animals such as ﬁshes and mollusks, which are con-
sidered better tolerant to hypoxia (Vaquer-Sunyer andDuarte, 2008). In
the aquatic environment, coastal regions are considered one of themost
stressful areas with respect to oxygen variations (Smith and Able,
2003). Several species of decapods inhabit mangroves and salt marshes
and must adopt many strategies to deal with the injuries caused by in-
creased ROS levels. The occurrence of tissue damage in crustaceans as-
sociated with hypoxia and reoxygenation has been observed only in
the shrimp Litopennaeus vannamei (Zenteno-Savín et al., 2006), the
crab Neohelice granulata (de Oliveira et al., 2005) and recently in the
groundwater crustacean Niphargus rhenorhodanensis (Lawniczak et al.,
2013). The shrimp L. vannamei has shown considerable tolerance to
hypoxia: no mortality was observed before 16 days of exposure to se-
vere hypoxia (1.0 mg O2 L−1) (Seidman and Lawrence, 1985). When
L. vanammei was submitted to severe hypoxia for 24 h followed by 6 h
of reoxygenation, no LPO was observed in its tissues (Zenteno-Savín
et al., 2006). The crustacean Niphargus rhenorhodanensis is also consid-
erably tolerant to hypoxia: nomortalitywas observed before 24 h of an-
oxia (Hervant et al., 1995). After submitted to different times of anoxia
(24 h and 10 days) followed by different periods of reoxygenation no
LPO was observed in this crustacean (Lawniczak et al., 2013). On the
other hand, the crab N. granulata (previously named Chasmagnathus
granulata/granulatus) showed tolerance to hypoxia similar to that of
other crustaceans, with an LC50 between 2.0 and 2.5 mg O2 L−1 (Geihs
et al., 2013). When this intertidal crab was exposed to anoxia for 8 h,
an increase in LPOwas observed in its gills after 40min of reoxygenation
(de Oliveira et al., 2005). These observations of L. vannamei (Seidman
and Lawrence, 1985; Zenteno-Savín et al., 2006), N. rhenorhodanensis
(Hervant et al., 1995; Lawniczak et al., 2013) and N. granulata (de
Oliveira et al., 2005; Maciel, 2010) suggest the existence of an inverse
correlation between tolerance to hypoxia and generated damage. How-
ever, these studies analyzed only LPO during oxygen variations. Many
other injuries, such as mitochondrial dysfunction and morphological al-
terations, may occur after hypoxia and reoxygenation, in addition to
LPO. After hypoxia and reoxygenation, increased ROS levelsmay contrib-
ute to alterations in cell volume and tissue damage, which could induce
hemocyte inﬁltration, as has been observed after application of other
stressors (Frías-Espericueta et al., 2008). In fact, when N. granulata was
exposed for 10 h to severe hypoxia (0.5 mg O2 L−1) followed by 2 h of
reoxygenation, mitochondrial complex IV activity and ATP production
in the locomotor muscle decreased (Geihs et al., 2013). For this reason,
the aim of this work is to verify whether biochemical andmorphological
damage occurs in the locomotor muscle of N. granulata submitted to dif-
ferent periods of hypoxia and reoxygenation.
2. Materials and methods
2.1. Animal maintenance
Adult male N. granulata crabs weighing 11.2 ± 0.3 g (mean ±
standard error of mean [SEM]) were collected from the salt marshes
around Rio Grande City, Brazil, and taken to the laboratory. The crabs
were acclimated for at least 10 days in tanks under constant temperature
(20 °C), salinity (20‰), and light/dark cycles (12 h light/12 h dark). The
animals were fed ad libitumwith ground beef three times a week.
2.2. Reagents
Diacetate of 2′,7′-dichloroﬂuorescein (H2DCF-DA), cumene hy-
droperoxide (CHP), chloride of 2,3,5-triphenyltetrazolium (TTC),5,5,6,6-tetrachloro-1,1,3,3-tetraethylbenzimidazolcarbocyanine io-
dide (JC-1), xylenol orange, and Paraplast X-TRA were purchased
from Sigma-Aldrich (St Louis, MO, USA). A total protein kit was pur-
chased from Doles (Goiania, GO, Brazil).
2.3. Experimental procedures
The crabs were placed in individual cylindrical glass chambers with
base and height of 5 × 14 cm and a volume of approximately 300 mL.
Nitrogen gas (100%) was bubbled until the oxygen concentration
reached 0.5 mg O2 L−1 at constant salinity and temperature (20‰ and
20 °C). The oxygen concentration was monitored continuously during
the experiment with a portable oximeter (DO-5519, Lutron Electronic
Enterprise CO, Cooperburg, PA, USA). All analyses were performed
after 1, 4, or 10 h of hypoxia and a subsequent 30 or 120 min of reox-
ygenation for biochemical measurements and 2, 24, or 48 h of reox-
ygenation for morphological determinations. During these periods,
no mortality and the animals were observed as discussed previously
(Geihs et al., 2013). A control groupwasmaintained throughout the ex-
periment in water of 6.5 mg O2 L−1 and was analyzed simultaneously.
2.4. ROS quantiﬁcation
Muscles (n = 5) of the second pair of pereopods were removed,
weighed, and homogenized (1:10 w/v) in a cold (4 °C) buffer solution
containing sucrose (250 mM), phenylmethylsulfonyl ﬂuoride (1 mM),
and ethylenediaminetetraacetic acid (EDTA) (5mM), with the pH adjust-
ed to 7.6. The samples were centrifuged (2000 ×g at 4 °C for 20min) and
the supernatants were collected and centrifuged (10,000 ×g at 4 °C
for 45 min). The last supernatant was employed for ROS quantiﬁcation
(Viarengo et al., 1999). For ROS detection, the ﬂuorophore 2′,7′-
dichloroﬂuorescein-diacetate (H2DCF-DA) was used; in the presence
of ROS, this generates a ﬂuorochrome that can be detected using
wavelengths of 488 and 525 nm for excitation and emission, respective-
ly. The analyses were carried out in a ﬂuorescence microplate reader
(Victor 2, Perkin-Elmer, Waltham, MA, USA), with readings obtained
every 5 min for 1 h. The total area of ﬂuorescence was calculated by in-
tegrating the ﬂuorescence units (FU) with the measurement time after
adjusting FU data to a second-order polynomial function. ROS concen-
tration referred to the total protein content present in the biological
sample and was determined spectrophotometrically at 550 nm using
a commercial kit (Doles) based on biuret reagent; the results were
expressed in FU mg of protein−1.
2.5. LPO measurement
Muscles (n= 5) of the second pair of pereopods were weighed and
homogenized (1:9w/v) in coldmethanol (4 °C). The sampleswere cen-
trifuged (1000 ×g at 4 °C for 10 min) and the supernatant was used for
analysis. The protocol used was the modiﬁed FOX assay (Hermes-Lima
et al., 1995; Monserrat et al., 2003), which is based on the oxidation of
iron (Fe [II]) under acidic conditions to quantify lipid hydroperoxides,
one of the main products of LPO. To measure LPO, ferrous sulfate
(FeSO4) (1 mM), sulfuric acid (H2SO4) (0.25 M), xylenol orange
(1 mM), and MilliQ water were sequentially added. Samples (30 μL)
were added and incubated for 375 min. Thereafter, the absorbance at
550 nm was determined using a microplate reader (Victor 2, Perkin-
Elmer). Finally, CHP was employed as a standard. LPO was expressed
in nanomoles of CHP g−1 of wet tissue.
2.6. Mitochondrial membrane potential
The pereopods muscles (n = 5) were removed, chopped, and
immediately rinsed in tubes in ice cold (4 °C) medium containing
sucrose (510 mM), EDTA (1 mM), ethylene glycol tetraacetic acid
(EGTA) (200 μM), hydroxyethyl piperazineethanesulfonic acid (HEPES)
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were immediately homogenized and centrifuged (2000 ×g at 4 °C for
15 min). The supernatant was removed and centrifuged (8000 ×g
at 4 °C for 15 min). The last supernatant was removed and the
resulting pellet was resuspended in ice-cold medium containing sucrose
(303 mM), EGTA (1 mM), potassium phosphate (KH2PO4) (4 mM), po-
tassium chloride (KCl) (90 mM), and BSA (0.5%) at pH 7.5. Total protein
content was determined in the muscle samples spectrophotometrically
at 550 nm using a commercial kit (Doles) based on biuret reagent. The
mitochondrial membrane potential was assessed using the cationic
carbocyanine dye JC-1 according to Reers et al. (1995). This probe exists
as a green ﬂuorescentmonomer (excitation: 485 nm; emission: 530 nm)
at low concentrations (less than 300 nM). However, at high concentra-
tions (N1mM), a very strong red-orange ﬂuorescence occurs (excitation:
485 nm; emission: 530 nm) due to the formation of dye aggregates.
Therefore, low membrane potentials will show green ﬂuorescence,
while high ones will present a red-orange ﬂuorescence, since more of
the dye enters the mitochondria than is accumulated in the matrix,
forming the aggregates (Reers et al., 1995). JC-1 was prepared in cold
medium (4 °C) containing KCl (110 mM), magnesium chloride (MgCl2)
(10 mM), EDTA (1 mM), HEPES (20 mM), succinate (10 mM), and ATP
(10mM) at pH7.5.Measurementswere performed in aliquots of isolated
mitochondria, and JC-1 solution was pipetted into wells of a 96-well mi-
croplate. The JC-1 solution was prepared from a stock solution (40 μg/L
in ethanol) by 200-fold dilution in a buffer solution containing KCl
(110 mM), MgCl2 (10 mM), EGTA (1 mM), HEPES (20 mM), sodium
succinate (10 mM), and ATP (10 mM). After incubation (30 °C) for
30 min in the dark, ﬂuorescence generated in the reaction mixture
was read (excitation: 485 nm; emission: 590 nm) with a microplate
reader (Victor 2, Perkin-Elmer). The results were expressed as the
difference in ﬂuorescence mg of protein−1.60 90 180
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F2.7. Morphological analysis
The pereopods muscles (n= 3) were removed and instantly frozen
in liquid nitrogen. Subsequently, the extensor and ﬂexor muscles from
themeropodites were carefully dissected from the carapace to preserve
structural integrity. Muscles were dehydrated in a crescent graded eth-
anol series, diaphanized in xylol, and embedded in Paraplast X-TRA.
After this stage, serial cuts (8 μm) were performed with a rotatory mi-
crotome (Leyka RM2255). The sections were stained with hematoxylin
and eosin (HE) and Gomory trichrome. Themorphological observations
(muscle cell diameter, mitochondria alterations and hemocytes inﬁltra-
tion)were carried out using anOlympus BX51microscope connected to
a charge-coupled distributor (CCD) camera (Olympus DP72) and the
images were analyzed with the software Image J.600 630 720
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Fig. 1. Reactive oxygen species (ROS) concentration of the locomotor muscle of the crab
Neohelice granulata exposed to hypoxia (0.5 mg O2 L−1) during 60 (A), 240 (B) or
600 min (C) and after 30 and 120 min of reoxygenation (black columns) (H/R) or
maintained in control condition (6.5 mg O2 L−1) (white columns). Different letters
represent signiﬁcant differences (p b 0.05) between the groups. Each point repre-
sents the mean ± 1 SEM (n = 5).2.8. Histochemistry
The histochemical analysis was performed according to a modiﬁca-
tion of the procedure used by Benedek et al. (2006). After the experi-
ments were completed, the extensor and ﬂexor muscles of the second
pair of pereopods (n=5)were carefully removed from themeropodites.
Immediately themuscleswere immersed in 2% of TTC solution for 20min
at 25 °C. TTC is enzymatically reduced to red formazan, a product of
dehydrogenases, which are most abundant in viable mitochondria.
Stain intensity correlates with the number and functional activity of mi-
tochondria. A complete lack of TTC staining was deﬁned as an anaerobic
area, and the stained regions were deﬁned as aerobic areas (Benedek
et al., 2006). The observationsweremadeusing anOlympus SZX16 stereo
microscope connected to a CCD camera (Olympus DP72) and provided
with commercial software for image acquisition using Image J. The aero-
bic area was calculated as a percentage of total muscle area, and the re-
sults were expressed by means ± 1 SEM.2.9. Statistical analysis
Statistical analyses were performed by two-way analysis of var-
iance (ANOVA) between the normoxia (control) and the hypoxia/
reoxygenation groups, followed by Newman–Keuls test with α= 0.05.
Normality and variance homogeneity were veriﬁed as ANOVA assump-
tions, and each point represented the mean ± 1 SEM. Mathematical
transformations (logarithmic function) were performed to satisfy the
ANOVA assumption (Zar, 1984).3. Results
3.1. Reactive oxygen species
In the locomotor muscle of N. granulata, no signiﬁcant differences
occurred (p N 0.05) in ROS levels after 1, 4, and 10 h of hypoxia com-
pared to the control group (normoxia) (Fig. 1). However, after 4 and
10 h of hypoxia, a signiﬁcant increase (p b 0.05) in ROS was observed
during the ﬁrst 30 min of reoxygenation; ROS levels returned to normal
levels (p N 0.05) after 120 min.
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No signiﬁcant changes were observed (p N 0.05) in LPO levels after
1, 4, and 10 h of hypoxia. However, after 4 and 10 h of hypoxia, a sig-
niﬁcant increase (p b 0.05) was observed after 30 min of reoxygena-
tion compared to the control group. LPO levels returned to normal
(p N 0.05) after 120 min of reoxygenation (Fig. 2).
3.3. Mitochondrial membrane potential
A signiﬁcant decrease (p b 0.05) in the mitochondrial membrane
potential was observed in the locomotormuscle after 4 and 10 h of hyp-
oxia compared to the control group (Fig. 3). However, despite the fact
that 1 h of hypoxia did not induce mitochondrial membrane potential
alterations, 30 min of reoxygenation after this amount of hypoxia was
sufﬁcient to induce a signiﬁcant decrease in the mitochondrial mem-
brane potential. A signiﬁcant decrease in the mitochondrial membrane
potential was also veriﬁed after 30 min of reoxygenation following 4
and 10 h of hypoxia. However, after 120 min of reoxygenation, the mi-
tochondrialmembrane potential returned to normal levels only in those60 90 180
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Fig. 2. Lipid peroxidation (LPO) level of the locomotor muscle of the crab Neohelice
granulata exposed to hypoxia (0.5 mg O2 L−1) during 60 (A), 240 (B) or 600 min (C) and
after 30 and 120 min of reoxygenation (black columns) (H/R) or maintained in control
condition (6.5mgO2 L−1) (white columns). Different letters represent signiﬁcant differences
(p b 0.05) between the groups. Each point represents the mean ± 1 SEM (n= 5).
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Fig. 3.Mitochondrial membrane potential of the locomotor muscle of the crab Neohelice
granulata exposed to hypoxia (0.5 mg O2 L−1) during 60 (A), 240 (B) or 600 min (C) and
after 30 and 120 min of reoxygenation (black columns) (H/R) or maintained in control
condition (6.5mgO2 L−1) (white columns). Different letters represent signiﬁcant differences
(p b 0.05) between the groups. Each point represents the mean ± 1 SEM (n= 5).crabs submitted to 1 and 4 h of hypoxia. After 10 h of hypoxia and
120 min of reoxygenation, the mitochondrial membrane potential
remained low (p b 0.05).3.4. Morphology
The meropodite is made up of two main structures, the extensor
muscle and the ﬂexor muscle (Fig. 4A). Both muscles showmorpholog-
ically a simple pinnate structure and ﬁbers with different lengths and
diameters, inserted in a rigid structure (apodeme), which follows the
length of the meropodite and is surrounded by connective tissue
(Fig. 4B and C). Longitudinal sections made to characterize the locomo-
tormuscle identiﬁed regionswith cells of different lengths along the ex-
tensor and ﬂexor muscles, which can be classiﬁed as proximal, mid, and
distal areas. The proximal and distal regions each comprise around 20%
and the middle region comprises about 60% of the muscle's total area
(Fig. 4D). Morphometric analysis of these three regions showed that
the muscle ﬁbers had different diameters. The proximal and distal
Fig. 4.Morphological characterization of the locomotor muscle of the crab Neohelice granulata. (A) Histological longitudinal sections of extensor muscle of N. granulata stained with he-
matoxylin and eosin. The longitudinal sections of ﬂexor muscle are similar (B). Transversal sections of extensor muscle of the crab N. granulata stained with hematoxylin and eosin.
The transversal sections ofﬂexormuscle are similar (C). Histological longitudinal sections of extensormuscle ofN. granulata stainedwith hematoxylin and eosin showing the regions prox-
imal, mid and distal and their estimated length. The longitudinal sections of extensor and ﬂexor muscle are similar. Scale bar: A — 500 μm; B — 500 μm; C — 50 μm; D — 500 μm.
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andmostﬁbers in themid-regionwere about 80 μm in diameter (Fig. 5).
During hypoxia and reoxygenation, nomitochondrial dysfunction or
hemocyte inﬁltration was observed in the locomotor muscle of
N. granulata (data not shown). However, after 10 h of hypoxia, a signif-
icant increase (p b 0.05) in the diameter of muscle ﬁbers was observed
in the proximal region after 24 h of reoxygenation in the extensor mus-
cle and after 24 and 48 h of reoxygenation in the ﬂexor muscle (Fig. 6A
and B).
3.5. Histochemistry
The histochemical analysis in the locomotormuscle showed ﬁber re-
gionswith different types ofmetabolism (Fig. 7). The proximal region of
bothmuscleswas the only area stainedwith TTC and thus could be clas-
siﬁed as an area with a predominance of aerobic ﬁbers. Most ﬁbers in
the mid and distal areas showed anaerobic metabolism (Fig. 7A and E).
After exposure to 10 h of hypoxia, signiﬁcant decreases (p b 0.05) in the
area of aerobic ﬁbers (Fig. 7B and F) of 51% and 23% (Fig. 7I and J) were
observed in the extensor and ﬂexor muscles, respectively. After 30 and
120 min of reoxygenation, signiﬁcant decreases (p b 0.05) in the area of
aerobic ﬁbers (Fig. 7C and D) of 43% and 45% (Fig. 7I), respectively, in
the extensor muscle and 87% and 59% (Fig. 7J) in the ﬂexor muscle
(Fig. 7D and H), respectively, were observed.
4. Discussion
The only tree species of crustaceans in which the occurrence of tis-
sue damage after hypoxia and reoxygenation has been examined
showed different degrees of tolerance to hypoxia. The results foundfor L. vannamei (Seidman and Lawrence, 1985; Zenteno-Savín et al.,
2006), N. rhenorhodanensis (Hervant et al., 1995; Lawniczak et al.,
2013) and N. granulata (de Oliveira et al., 2005; Geihs et al., 2013) sug-
gest an inverse correlation between tolerance of hypoxia and the gener-
ation of damage, demonstrating that hypoxia-tolerant species would be
less sensitive to damage than hypoxia-sensitive species. Variations in
the oxygen supply to organs and tissues can contribute to an overpro-
duction of ROS (Li and Jackson, 2002). The increase in the concentration
of these molecules results in deleterious effects such as LPO, protein
damage, and DNA strand breaks (Pike et al., 1993; Halliwell and
Gutteridge, 2001; Fuller et al., 2003). In addition, many other types of
damage may be related to increased ROS levels, such as mitochondrial
damage (Boveris et al., 1976; Turrens, 2003), which may cause tissue
changes such as alterations in cell volume, inﬁltration of hemocytes,
and muscle atrophy (Shoffner, 2000; Yang et al., 2007; Lambert et al.,
2008; Andrianjaﬁniony et al., 2010). In the literature, the majority of
deleterious effects of excessive ROS production occurred during reoxy-
genation (Hermes-Lima and Storey, 1995; Lushchak et al., 2001; Tanaka
et al., 2004; de Oliveira et al., 2005; Lushchak et al., 2005; Behn et al.,
2007 and others). However, in recent years some evidence has been
found showing that, during hypoxia, increased ROS levels are also pos-
sible but to a lesser degree in comparison to reoxygenation (Chandel
et al., 1998; Clanton, 2007).
After exposure to 4 and 10 h of hypoxia, decrease in mitochondrial
membrane potential and aerobic ﬁber areawas observed in the locomo-
tor muscle of N. granulata. These results are in agreement with the de-
crease in mitochondrial complex IV activity and lower ATP production
observed in this species after the same experimental procedure (Geihs
et al., 2013). However, although the indicators of mitochondrial activity
decreased during hypoxia, somemitochondrial activity continued in the
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trations were still present in this tissue. During hypoxia, an increase in
ROS formation can occur when there is both a sufﬁcient concentration
of substrates, such as nicotinamide adenine dinucleotide (NADH) and
ﬂavin adenine dinucleotide (FADH2), and lower but sufﬁcient oxygen
availability in the muscle to be oxidized (Clanton, 2007). However, nei-
ther ROS nor LPO increased in the locomotor muscle after 10 h ofhypoxia. One possibility is that no increase in ROS formation occurs dur-
ing hypoxia in the locomotor muscle of this crab. On the other hand, al-
though ROS are being produced during hypoxia, the levels are much
lower, since the increase is by the antioxidant defense system present
in the muscle tissue of N. granulata.
On the other hand, at the onset of reoxygenation, the increase in ox-
ygen supply to the cells resulted in increases in ROS and LPO levels and a
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motor muscle. Geihs et al. (2013) observed a decrease in mitochondrial
complex IV activity and ATP during the same experimental situation of
reoxygenation. These results demonstrate that a sudden increase in ox-
ygen supply contributed to intense ROS formation,whichwas accompa-
nied by oxidative damage, as evidenced by increased LPO levels in the
locomotor muscle of N. granulata. However, because N. granulata is an
intertidal species that lives in regions with cyclic oxygen variations
(D'Incao et al., 1992), a well-adapted antioxidant defense system is
probably the main strategy to cope with oxygen variations to avoid or
counteract the generation of oxidative stress (Sies, 1986; Jones, 2006).
In fact, after 120 min of reoxygenation, ROS, LPO, and mitochondrial
membrane potential activity returned to normal levels in animals
exposed to 1 and 4 h of severe hypoxia. In this sense, when subjected
to hypoxia and reoxygenation, crustaceans generally can maintain a
high basal level of the antioxidant defense system (Hermes-Lima and
Zenteno-Savín, 2002; Bickler and Buck, 2007; Welker et al., 2013) or
modulate, in an anticipatory manner, the levels and activities of the an-
tioxidant components during times of low oxygen concentration toprevent increased ROS levels during reoxygenation (Hermes-Lima and
Zenteno-Savín, 2002; Gorr et al., 2010; Welker et al., 2013).
However, after a long period of hypoxia (10 h), near the lethal time
for N. granulata (Geihs et al., 2013), neither mitochondrial membrane
potential nor the area of oxidative ﬁbers recovered until the end of the
reoxygenation period analyzed. These results, together with the lower
mitochondrial complex IV activity and ATP content observed in the lo-
comotormuscle ofN. granulata (Geihs et al., 2013), demonstrate the dif-
ﬁculty of the activation of aerobic metabolism during reoxygenation
after a long period of severe hypoxia. Probably this is occurring via mi-
tochondrial alterations caused by the increased ROS levels observed at
the beginning of reoxygenation. Therefore, the mitochondrial alter-
ations observed during the reoxygenation after a long period of hypoxia
may contribute to several other types of molecular and tissue damage,
such as alterations in cell volume and inﬁltration of hemocytes in the
muscular tissue.
With respect to the effects of hypoxia and reoxygenation in themus-
cular structure of the extensor and ﬂexor muscles of N. granulata, an in-
crease in cell volume was observed in both muscles after 24 h of
Fig. 7.Histochemistry in the extensor and ﬂexormuscle ofN. granulata stainedwith tryfenil tetrazolium cloride (TTC) (A and E, respectively), exposed to 10 h in hypoxia (0.5 mg O2 L−1)
(B and F) and after 30 min (C and G) and 120 min of reoxygenation (black columns) (D and H), respectively (H/E) or maintained in control condition (6.5 mg O2 L−1) (white columns).
Effects of hypoxia and reoxygenation in the aerobic ﬁbers area in the extensor (I) and ﬂexor (J) muscles of N. granulata. Different letters represent signiﬁcant differences (p b 0.05) be-
tween the groups. Each point represents the mean ± 1 SEM (n= 5). Scale bar: 500 μm.
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by the Na+/K+-ATPase pump is considered one of the major energy
consumers in the cell (Gregg and Milligan, 1982; Rolfe and Brand,
1996), and its activity is important in maintaining cell volume. In verte-
brates, changes in cell volume caused by alterations in Na+/K+-ATPase
activity have been reported after oxygen variations (Smith et al., 1993;
Terkildsen et al., 2007). Since Na+/K+ ATPase is important in regulating
cell volume and requires high levels of energy, the lower levels of ATP
observed after reoxygenation after 10 h of hypoxia in the locomotor
muscle of N. granulata (Geihs et al., 2013) probably decreased the
Na+/K+ ATPase activity, contributing tomuscle hypertrophy. However,
this damage was not intense, since at the end of reoxygenation (48 h)
the alterations in cell volumewere reversed andno other tissue changes
such as mitochondrial dysfunction and inﬁltration of hemocytes were
observed. In crustaceans, hemocyte inﬁltration is an important defense
against many stressors, such as exposure to heavy metals and contami-
nation with pathogens, which induce tissue structure damage (Yang
et al., 2007; Frías-Espericueta et al., 2008). Therefore these results indi-
cate an effective capacity of these muscles to recover after the damage
induced by hypoxia and reoxygenation.
Thewalking legs of crustaceans are characterized by a distribution of
muscle composed of both aerobic and anaerobic ﬁbers in different re-
gions. In crustaceans, there is a prevalence of ﬁbers with small diameter
and aerobic metabolism in the proximal and distal regions and ﬁbers
with larger diameter and anaerobic metabolism in the mid-region
(Parsons and Mosse, 1982; Perry et al., 2008). The distribution of ﬁbers
in the walking legs of N. granulata was slightly different. In agreement
with previous reports, in the mid-region of muscle tissue of N. granulata,
a prevalence of anaerobic ﬁbers with large diameter was observed. How-
ever, the distal regionwas composed ofﬁberswith anaerobicmetabolism
and small diameter, and the proximal region presented ﬁbers with aero-
bic metabolism and a mixture of ﬁbers of different diameters. These dif-
ferences may be associated with the locomotor characteristics of each
species of crustaceans. Interestingly, after hypoxia and reoxygenation, in-
creased cell volumewas observed only in the regionswith predominantlyaerobic ﬁbers. This demonstrates that there is a relationship between
metabolic rate and the generation of molecular, biochemical, and struc-
tural alterations; because this is a region with many viable mitochon-
dria, it may be more susceptible to damage induced by hypoxia and
reoxygenation.
In conclusion, hypoxia and reoxygenation contributed to oxidative
damage in the locomotor muscle of N. granulata. These types of damage
were observed only during the reoxygenation period. The intensity of
this damage depends on the duration of hypoxia. In all experimental sit-
uations analyzed, the locomotor muscle of this crab was capable of
recovery.
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